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A B S T R A C T  

Beryll ium i s  a s t r u c t u r a l  material which has  unusual ly  
h igh  s t i f f n e s s ,  unique thermal p r o p e r t i e s ,  and l o w  weight.  I t  i s  
a good cand ida te  material f o r  s t r u c t u r a l  e lements  which are buckl ing  
c r i t i c a l ,  d e f l e c t i o n  l imi t ed ,  r e q u i r e  a high n a t u r a l  f requency,  a 
h igh  s p e c i f i c  hea t ,  o r  a h igh  thermal  conduc t iv i ty .  I t s  main draw- 
backs are b r i t t l e n e s s ,  l o w  s t r e n g t h  and high cost. Moreover, o n l y ,  
l i m i t e d  eng inee r ing  experience w i t h  be ry l l i um s t r u c t u r e  has  been I 
ac c umu 1 ate d . 

The b r i t t l e n e s s  of be ry l l i um makes it d i f f i c u l t  t o  work 
w i t h .  However, impress ive  p rogres s  i n  improving i t s  d u c t i l i t y  has  
Seen made r e c e n t l y ,  a d  curefit  rw material  przlducts are cons idered  
maxageable and easier t o  work w i t h  than are soiw of the advaiiced 
f i b e r  r e i n f o r c e d  composite materials.  The material  cost i s  high,  
b u t  t h e  overall  cost  of i n s t a l l e d  be ry l l i um s t r u c t u r e  may be lower 
i n  some a p p l i c a t i o n s  than  e q u i v a l e n t  ones made of advanced compo- 
sites. The combined p r o p e r t i e s  of h igh  s t i f f n e s s ,  l o w  weight ,  
h igh  thermal conduc t iv i ty  and h igh  temperature  c a p a b i l i t y  make 
b e r y l l i u m  compet i t ive  weightwise wi th  o t h e r  advanced materials. 

The f u t u r e  of bery l l ium as a l i gh twe igh t  s t r u c t u r a l  
material atmears t o  be overshadowed by t h e  r a p i d  development of 
advanced cbkpos i tes .  
d i f f i c u l t i e s  s t i l l  e x i s t  i n  t h e  s t r u c t u r a l  a p p l i c a t i o n  of t h e  
latter, it i s  be l i eved  t h a t ,  with s o m e  f u r t h e r  development, 
b e r y l l i u m  could be used advantageously f o r  many s t r u c t u r a l  ele- 
ments of t h e  Space S h u t t l e .  I n  view of t h e  very l i m i t e d  be ry l l i um 
r e s e a r c h  a c t i v i t y  c u r r e n t l y  underway, expansion of be ry l l i um tech- 
nology t o  boos t  t h e  s o f t  a r eas  of i n d u s t r y  a c t i v i t i e s  and t o  cri- 
t i c a l l y  e v a l u a t e  be ry l l i um as a p o t e n t i a l  candida te  material  for  
Space S h u t t l e  primary as w e l l  as secondary s t r u c t u r e s  i s  recommended. 

However, s i n c e  many des ign  and f a b r i c a t i o n  
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1 , 2  1 .0  INTRODUCTION 

DATE: February 9 ,  1 9 7 1  

FROM: C. C. Ong 

TM: 71-1013-2 

Beryll ium, a l i gh twe igh t  metal, w a s  p r i m a r i l y  used as  
a minor a l l o y i n g  a d d i t i o n  t o  copper i n  the e a r l y  1930's. 
1 9 4 0 ' s ,  it w a s  found t h a t  the unique p r o p e r t i e s  of be ry l l i um such 
as l o w  atomic weight  and l o w  neutron c a p t u r e  cross s e c t i o n  made 
it a good moderator material i n  an atomic p i l e .  Therefore ,  major 
i n t e r e s t  i n  be ry l l i um w a s  expressed by t h e  A t o m i c  Energy Commission 
f o r  a p p l i c a t i o n s  i n  n u c l e a r  reactors, e s p e c i a l l y  a i r b o r n e  n u c l e a r  
reactors. 

I n  t h e  

With s u c c e s s f u l  manufacturing of f i n e  g r a i n  be ry l l i um 
block  i n  t h e  e a r l y  1950's  t h e  demand f o r  be ry l l i um as a s t r u c t u r a l  
material became s i g n i f i c a n t .  Se r ious  i n t e r e s t  i n  be ry l l i um as an 
aerospace  s t r u c t u r a l  material  began i n  t h e  mid f i f t i e s  because t h e  
h igh  s p e c i f i c  modulus (modulus t o  d e n s i t y  r a t i o )  of t h i s  material  
promised a g r e a t  weight saving p o t e n t i a l  f o r  c e r t a i n  s t r u c t u r a l  
components compared t o  engineer ing  m a t e r i a l s  such as aluminum, 
t i t a n i u m  and s t a i n l e s s  steel .  Engineer ing a p p l i c a t i o n s  of be ry l -  
l i u m  have been p r i m a r i l y  restricted t o  n o n - s t r u c t u r a l  i t e m s  o r  
secondary s t r u c t u r e s .  Major programs us ing  be ry l l i um i n  l i m i t e d  
s t r u c t u r a l  a p p l i c a t i o n s  inc lude  Polar is ,  C-5A, Poseidon, Nerva, 
and v a r i o u s  n u c l e a r  weapons. Some of t h e s e  programs have been 
e i t h e r  stopped ab rup t ly  or seve re ly  c u r t a i l e d  r e c e n t l y  and t h e  
be ry l l i um i n d u s t r y  i s  c u r r e n t l y  f a c i n g  an  oversupply s i t u a t i o n  
w h i l e  a t  t h e  same t i m e  exper ienc ing  a r educ t ion  i n  technology 
r e s e a r c h  ac t iv i t i e s .  I n  add i t ion ,  r e c e n t  r a p i d  p rogres s  on 
advanced f i b e r  r e i n f o r c e d  composite m a t e r i a l s ,  which a l so  e x h i b i t  

s t r u c t u r a l  purposes.  
1: l l l y l l  -1 sytzc;;fiz - -^--  modu:i;s, has forczd a rzeva lua t icn  cf berylli-!!z? f o r  

I t  w a s  es t imated  t h a t ,  i n  1970,  the be ry l l i um i n d u s t r y  
of t h e  U.S. produced about  6 0 0 , 0 0 0  pounds of h o t  p re s sed  be ry l l i um 
block  and opera ted  a t  about  30% of capac i ty .  Curren t  consumption 
of be ry l l i um s h e e t s  w a s  estimated t o  be only  about  2000-4000 lbs/  
yea r .  
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The purpose of t h i s  memorandum is t o  review t h e  s t a t u s  
of be ry l l i um technology and t o  assess i t s  p o t e n t i a l  as a l i g h t -  
weight  s t r u c t u r a l  ma te r i a l .  
a b i l i t y  t o  t h e  Space S h u t t l e  program. 

2.0 PROPERTIES OF BERYLLIUM 

Emphasis i s  p laced  on i t s  app l i c -  

1 , 3  

The a t t r a c t i v e  p r o p e r t i e s  of bery l l ium which are t h e  
common reasons f o r  i t s  s e l e c t i o n  a re :  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Low d e n s i t y  (0 .066  l b s / i n  3 ) 

High modulus of e l a s t i c i t y  (44 m i l l i o n  p s i )  

High s p e c i f i c  h e a t  a t  normal and e l eva ted  
temperature  (0.40 BTU/LB/OF a t  room temper- 
a t u r e )  

Low s p e c i f i c  h e a t  a t  cryogenic  temperature  

Low neutron cap tu re  c r o s s  s e c t i o n  

High mel t ing  p o i n t  (2341OF) 

High thermal  conduct iv i ty  (94 BTU/FT/HR/OF 
a t  room temperature) 

There are also some unfzvorable  properties which cause 
great cGncern and l i m i t a t i o n s  to Lhe u t i l i z a t i o n  of bery l l ium,  
They are: 

1. 

2.  

3. 

4. 

5. 

6. 

Low f r a c t u r e  toughness 

LOW e longat ion  l i m i t  a t  room temperature,  
p a r t i c u l a r l y  i n  t h e  s h o r t  t r ansve r se  d i r e c t i o n .  

Low creep r e s i s t a n c e  

S t r a i n  rate s e n s i t i v i t y  

I n a b i l i t y  t o  produce d u c t i l e ,  high s t r e n g t h  weld 

Low s t r e n g t h  (room temperature  u l t i m a t e  t e n s i l e  
s t r e n g t h  of h o t  r o l l e d  sheet = 80,000 p s i )  
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So f a r  as s t r u c t u r a l  a p p l i c a t i o n s  a r e  concerned t h e  
m o s t  impor tan t  p r o p e r t i e s  a r e  i t s  very h igh  s p e c i f i c  modulus, 
unique thermal  p r o p e r t i e s  and high temperature  c a p a b i l i t y ,  l o w  
t e n s i l e  s t r e n g t h  and b r i t t l e n e s s .  

2 . 1  S p e c i f i c  Modulus 

Among metal l ic  materials commonly used i n  t h e  aerospace  
i n d u s t r y  only  a l l o y e d  magnesium ( 0 . 0 6 6  l b s / i n  3 ) approaches t h e  

l o w  d e n s i t y  of bery l l ium.  Aluminum ( 0 . 1 0 1  l b s / i n  3 ) i s  50% h e a v i e r  
than  bery l l ium,  and t i t an ium,  s teel  and s u p e r a l l o y s  have a d e n s i t y  
ranging  from t w o  and a ha l f  t o  f i v e  t i m e s  t h a t  of bery l l ium.  
While a l l o y e d  magnesium and aluminum a r e  a t t rac t ive  on a d e n s i t y  
b a s i s ,  t h e s e  materials have moduli less than one-fourth t h e  va lue  
of bery l l ium.  
makes be ry l l i um t h e  material with h i g h e s t  modulus-to-density- 
ra t io  among a l l  s t r u c t u r a l  m e t a l s .  I ts  s p e c i f i c  modulus of 

670  x 1 0  i n .  i s  more than  s i x  t i m e s  t hose  of aluminum, t i t a n i u m  
and s t a i n l e s s  s teel  and compares f avorab ly  w i t h  advanced composites 
as shown i n  F igu re  1. 

T h e  combination of h igh  modulus and l o w  d e n s i t y  

6 

4 

2.2 High Temperature Capab i l i t y  and Other Thermal 
P r o p e r  t i e  s 

Both t h e  s t i f f n e s s  and t h e  s t r e n g t h  of be ry l l i um are 
l a r g e l y  r e t a i n e d  up t o  a temperature of 1000OF. Beryl l ium sheet 
has been f i n i s h - r o l l e d  a t  1400OF and probably w i l l  undergo per -  
manent changes i n  p r o p e r t i e s  when exposed t o  a tempera ture  above 
t h i s  l e v e l  f o r  a cons ide rab le  l e n g t h  of t i m e .  The room tempera- 
t u r e  s p e c i f i c  h e a t  i s  more than f o u r  t i m e s  t ha t  of steel  and t w i c e  
t h a t  of a luminm.  Beryll ium a l s o  has  a h igh  thermal  c o n d u c t i v i t y  
which h e l p s  t o  e l i m i n a t e  thermal g r a d i e n t s  and p r o t e c t s  t h e  p a r t  
a g a i n s t  warpage and h igh  thermal stresses. The combination of 
i t s  thermal  and mechanical p r o p e r t i e s  a t  high temperatures  makes 
b e r y l l i u m  an a t t r ac t ive  h igh  temperature  s t r u c t u r a l  and heat s i n k  
material. 

2.3 S p e c i f i c  S t r e n g t h  

Although be ry l l i um has a very  high s p e c i f i c  modulus 
i t s  s t r e n g t h  i s  only moderate as compared to o t h e r  advanced 
m a t e r i a l s .  F igu res  1 and 2 show t h a t  a t  room temperature  
b e r y l l i u m  compares favorably  wi th  aluminum, t i t a n i u m  and 
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s t a i n l e s s  steel  i n  s p e c i f i c  s t r e n g t h ,  b u t  advanced composi tes ,  
such as boron/epoxy and graphite/epoxy have a much h ighe r  
s p e c i f i c  s t r e n g t h  than beryll ium. A t  e l e v a t e d  temperatures  it 
is  compaEable t o  t h a t  of t i tanium. The s t r e n g t h  l i m i t a t i o n  is  
one of t h e  primary f a c t o r s  which p reven t  bery l l ium from e x t e n s i v e  
development and u t i l i z a t i o n  a t  the  scale of advanced composites.  

2 . 4  B r i t t l e n e s s  

The b i g g e s t  b a r r i e r  t o  a wide acceptance of be ry l l i um 
i n  the aerospace i n d u s t r y  has been i t s  b r i t t l e n e s s .  This pro- 
p e r t y  i s  c l o s e l y  r e l a t e d  t o  i ts  l o w  f r a c t u r e  toughness,  low 
e longa t ion  l i m i t ,  notch s e n s i t i v i t y  and f a b r i c a t i o n  d i f f i c u l t i e s .  
A t  a temperature  below 400°F formation of a crack could e a s i l y  
lead t o  a c a t a s t r o p h i c  crack propagat ion under s e r v i c e  cond i t ions .  
But t h e  d u c t i l i t y  undergoes a profound change around 400°F, and 
a t  about  t h i s  temperature  , bery l l ium can behave p l a s t i c a l l y .  

I t  should be noted, however, t h a t  r e c e n t  progress  on 
bery l l ium metal lurgy has made bery l l ium moref luc t i le  than  
eve r  before .  According t o  Kawecki Berylco I n d u s t r i e s ,  t h e  c u r r e n t  
t y p i c a l  room temperature  inplane e longa t ion  l i m i t  of be ry l l i um 
s h e e t  m a t e r i a l  i s  15-17% and it i s  hopeful  t h a t  a 20% e longa t ion  
l i m i t  can be reached i n  t h e  near f u t u r e .  Even a t  t h e  p r e s e n t  
l e v e l ,  it i s  comparable t o  some of t h e  aluminum and t i t a n i u m  a l l o y s .  
However, t h e  e longat ion  l i m i t  a long the s h o r t  t r a n s v e r s e  d i r e c t i o n  
is  s t i l l  smal l ,  about  0 . 5  t o  1.0%. Therefore ,  be ry l l i um is s t i l l  
a b r i t t l e  m a t e r i a l ,  b u t  i t  i s  considered manageable i n  f a b r i c a t i o n .  

1,3,5 
3.0 PRODUCT AVAILABILITY 

There  are t h r e e  major s u p p l i e r s  of bery l l ium i n  t he  
United States. They are: The Brush Beryll ium (Brush) Company, 
Kawecki Berylco I n d u s t r i e s ,  I n c .  ( K B I ) ,  and General Astrometals  
(GA), a s u b s i d i a r y  of Anaconda. 

Most of t h e  beryl l ium oxide e x t r a c t e d  from ore has  
been used f o r  t h e  product ion of be ry l l i um copper a l l o y s  and t o  
a lesser e x t e n t  f o r  beryllium-aluminum and ceramic product ion,  
Typ ica l ly  less than 25% of the  b a s i c  bery l l ium oxide has  been 
u t i l i z e d  t o  produce pure beryl l ium metals .  Because copper,  
aluminum and o t h e r  bery l l ium a l l o y s  do n o t  appear  t o  have s i g -  
n i f i c a n t  p o t e n t i a l  as advanced s t r u c t u r a l  m a t e r i a l s ,  d i s c u s s i o n  
w i l l  be l i m i t e d  t o  pure beryl l ium only.  
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A v a r i e t y  of pure beryl l ium products  a r e  a v a i l a b l e  
today. 
o r  b i l l e t s  made by h o t  vacuum p r e s s i n g  techniques.  
can be machined d i r e c t l y  i n t o  s t r u c t u r a l  shapes o r  made i n t o  
commercial m i l l  products  by ex t rus ion ,  r o l l i n g ,  o r  forg ing .  

Most of t hese  products have been produced from blocks 
The b i l l e t s  

A new method developed r e c e n t l y  i s  t h e  h o t  i sos ta t ic  
p r e s s i n g  technique which p e r m i t s  t h e  s i n t e r i n g  and d e n s i f i c a t i o n  
of be ry l l i um powder t o  a shape very close t o  t h e  f i n a l  configura-  
t i o n  of t h e  s t r u c t u r e .  
machining and m a t e r i a l  degradat ion,  and may prove t o  be s u p e r i o r  
then e a r l i e r  methods. However, t h e  p r o p e r t i e s  of t h e  products  
made by t h i s  method have n o t  y e t  been very w e l l  cha rac t e r i zed .  

T h i s  method reduces the high c o s t  of 

3 .1  Hot Pressed  Block 

Seve ra l  grades of hot  p re s sed  bery l l ium are commercially 

The s i z e  of t h e  p r e s s i n g s  
a v a i l a b l e .  T a b l e  I desc r ibes  t h e i r  types,  t y p i c a l  uses  and equi-  
v a l e n t  code numbers of t h r e e  producers.  
i n  t h e  s t anda rd  s t r u c t u r a l  grades such a s  t h e  Brush S-200, could 
be as l a r g e  as 72" i n  diameter by 36" high,  b u t  they are u s u a l l y  
l i m i t e d  t o  less than 40 inches i n  diameter .  Blocks of high 
p u r i t y  o r  high s t r e n g t h  are usua l ly  a v a i l a b l e  i n  smaller s i z e  
than  those  of s t anda rd  s t r u c t u r a l  grade.  

3.2 S e m i - f  i n i s h e d  Machining Block 

This product  i s  the  be ry l l i um m a t e r i a l  most f r e q u e n t l y  
purchased by t h e  u s e r s .  I t  i s  u s u a l l y  made from t h e  h o t  p re s sed  
b lock  according t o  use r s  requirements.  

3.3 Sheet ,  Plate and  Fo i l  

The f l a t  products  a re  usua l ly  r o l l e d  from s t anda rd  
s t r u c t u r a l  grade blocks.  The th i cknesses  and s i z e s  a v a i l a b l e  
wi thout  s p e c i a l  handl ing a r e  l i s t e d  i n  Table 2 .  W i t h  s p e c i a l  
o rde r s ,  s h e e t s  as t h i c k  as 0.50 inches  and as long a s  200  inches 
can be produced. F o i l  as t h i n  as 0.5 m i l  can a l s o  be made. 
Curren t  s p e c i f i c a t i o n s  c a l l  f o r  a minimum e longat ion  l i m i t  of 
10% and the  t y p i c a l  t h i c k n e s s  t o l e r a n c e  is  + 1 0 % .  The u l t i m a t e  
and y i e l d  s t r e n g t h s  of s h e e t  products  have Teached 80,000 p s i  
and 60 ,000  p s i ,  r e spec t ive ly .  
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P a s t  demand f o r  beryl l ium s h e e t  has  never  reached 
40,000 pounds i n  any s i n g l e  year and t h e  c u r r e n t  consumption 
i s  be l i eved  t o  be f a r  below that value.  

TABLE 2 

T H I N  FLAT PRODUCTS (TAKEN FROM REF. 1) 

Product  Thickness ( inches)  

Sheet  .020 - . 2 4 9  

Plate .250 - .600 

S i z e  ( inches )  

36" t o  48"  wide x 65 t o  
1 2 0  depending upon gage 

depending upon gage 
40 wide x 35 t o  65 

F o i l  .001 - .004 8 x 15 KBI  

-001 - .004 4 x 4 Brush 

.005 - .010 20 x 60 K B I  

.005 - .010 5 x 1 2  Brush 

.010 - . 020  20 x 60 Brush 

3 . 4  Extrus ions  and Forgings 

Simple extruded shapes such a s  rod and heavy w a l l  
tube a r e  r e a d i l y  producible .  Some i n t e r e s t i n g  s t r u c t u r a l  shapes 
and t h i n  w a l l  tubes  as shown i n  Table 3 have a l s o  been produced 
by ex t rus ion .  The development of product ion processes  i s  o f t e n  
troublesome and control of c ros s - sec t iona l  dimensions i s  d i f f i c u l t  
due t o  t h e  fac t  t h a t  ex t rus ion  b i l l e t s  must be c l a d  t o  prevent  
g a l l i n g  of be ry l l i um on ex t rus ion  t o o l s .  
e f f o r t  is  needed before  extruded s t r u c t u r a l  members of beryl l ium, 

product ion s t andpo in t .  

S u b s t a n t i a l  developmental  

particcl=r>y t h i z  %Tall tl&es, bec=Ees reslpy p r a c t i c a l  frcm a 

Forgings are i n  a comparable s t a g e  of development. A t  
p r e s e n t  bery l l ium forg ings  a re  l i m i t e d  t o  r a t h e r  s imple shapes.  
Forging i s  a p p l i e d  only t o  improve t h e  p r o p e r t i e s  a t  t h e  expense 
of h igh  cos t .  Typical  mechanical p r o p e r t i e s  of var ious  beryl l ium 
products  a r e  compared i n  Table 4 .  I t  should be noted t h a t  t h e s e  
p r o p e r t i e s  are under cons tan t  r e v i s i o n  and improvement. 
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TABLE 4 

TYPICAL MECHANICAL PROPERTIES OF BERYLLIUM 

( T a k e n  From R e f .  3)  

ULTIMATE YIELD 

STRENGTH, (0.2% OFF- TION % 
TENSILE STRENGTH ELONGA- 

S E T ) ,  PSI  I N  1 INCH PRODUCT P S I  

H o t  Pressed 3 5- 5 5 ,, 0 0 0 27-42,000 
Block  

1- 3 

Shee t  70-100,000 50-70,000 5-15 

E x t r u s i o n s  70-95,000 35-60,000 3- 12 

Forgings 65-95,000 35,60,000 3-8 

W i r e  125-175,000 3-15 
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1,6 4.0 COST - 
The high cost of bery l l ium r a w  m a t e r i a l s  and t h e i r  

f a b r i c a t i o n  has  been gene ra l ly  considered one of t h e  major draw- 
backs which prevent  t h i s  material f r o m  ex tens ive  u t i l i z a t i o n  i n  
pr imary aerospace v e h i c l e  s t r u c t u r e s .  However, s u b s t a n t i a l  cost 
r educ t ion  has been achieved r ecen t ly ,  p a r t i c u l a r l y  f o r  s h e e t  
products  and t h e i r  f a b r i c a t i o n  which have enhanced t h e  a t t r a c -  
t i v e n e s s  of t h i s  ma te r i a l .  

4 . 1  H o t  Pressed Block 

Current  p r i c e  f o r  l a r g e  p r e s s i n g  of s t r u c t u r a l  grade 
b locks  i s  $50-70/lb. This p r i c e  i s  volume s e n s i t i v e .  With a 
product ion volume over  1 0 0 , 0 0 0  pounds p e r  month, t h e  p r i c e  can 
be  expected t o  drop t o  about  one-half of  t h e  c u r r e n t  p r i c e .  

4 .2  Semi-f inished Machining Block 

The p r i c e  of semi-f inished machining block i s  s e n s i t i v e  
t o  the c h a r a c t e r i s t i c s  of t h e  product .  A series of hollow t run-  
c a t e d  cones made from a 355 pound block have been p r i c e d  r e c e n t l y  
a t  $105/lb fo r  a w a l l  th ickness  of 1 inch and $350/lb f o r  a w a l l  
t h i ckness  of 1 / 4  inch. Future p r i c e  reduct ion  w i l l  depend upon 
the  process  improvement t o  be made, such a s  t h e  a b i l i t y -  t o  con- 
s o l i d a t e  bery l l ium powder c lose  t o  t h e  shape of t h e  f i n i s h e d  
p r o d i x t .  

4.3 Sheet  

The p r i c e  of beryl l ium sheet a t  a product ion l e v e l  of 
s e v e r a l  hundred pounds p e r  month was r epor t ed  i n  e a r l y  1970 t o  
range about  $700/lb f o r  0.020 i nch  s h e e t  t o  $230/lb for  0.120 
i n c h  shee t .  I t  was es t imated  t h a t  t h e  p r i c e  could be reduced 
t o  about  1/3 of t h a t  level i f  t h e  product ion w e r e  i nc reased  t o  
20 ,000  l b s  p e r  month a s  shown i n  Table 5. 

* * - Y Y & u I . * ~  A f l f l n v i l i n m  +,Q K.RI the price h ; r ~  heen redijced sijhst-nti-ally 
s i n c e  e a r l y  1970 with t h e  in t roduc t ion  of t h e i r  new r o l l i n g  f a c i l i t y .  
For example, 0.020 inch sheet is  c u r r e n t l y  p r i c e d  a t  $465/1b and 
0 . 1 2  inch  s h e e t  a t  $130/1b as shown i n  Table 6.  O f f i c i a l s  of K B I  
also b e l i e v e  t h a t  with the r ecen t ly  improved f r a c t u r e  toughness  
c h a r a c t e r i s t i c s  of bery l l ium a l l o y s ,  f a b r i c a t i o n  c o s t  should be 
reduced considerably.  For c e r t a i n  a p p l i c a t i o n s ,  t h e  t o t a l  i n -  
s t a l l e d  cost of bery l l ium shee t  could be as l o w  as $300/lb i n s t e a d  
of $1000/lb w i t h  f a b r i c a t i o n  c o s t  amounting t o  s l i g h t l y  more than 
one-half  of t h e  t o t a l .  



TABLE 5 

ESTIMATED SHEET PRICES I N  DOLLARS PER POUND AT 

PROJECTED VOLUMES I N  POUNDS PER MONTH 

( T a k e n  From R e f .  1) 

P o u n d s  P e r  Month 

(1970) ( P r o j e c t e d )  

600 4,000-10,000-20,000 

S h e e t  T h i c k n e s s  

.020 

.040 

.070 

.120 

Dollars P e r  P o u n d  

700 350 240 200 

4 10 215 160 135 

325 150 110 100 

2 30 120 30 75 



STAN OAR D 
SIZE PIECE 

30" x 84" 

SQUARE 
Under 200 

36" x 96" 

INCHES PER 
200 to 1199 

30" x 84" 

30" x 66" 

TOTAL POUNDS 

TABLE 6 - PRICE LIST OF BERYLLIUM SHEET - GRADE PS-20 
(KAWECKI BERYLCO INDUSTRIES, INC., AUGUST 1,1970) 

EXTRA + 

BASE PRICE - DOLLARS PER POUND* 

NOMINAL THICKNESS-INCHES 

Including 0.020 to under 0.026" 
" 0.026 " 

0.031" 
0.041 '' 
0.05 1 " 
0.061" 
O.Of1" 
0.08 1 " 
0.091'' 
0.101" 

0.041" 
0.05 1 
0.06 1 " 
0.07 1 " 
0.08 1" 
0.091" 
0.101" 
0.126" 

" 0.126" " 0.151" 
" 0.151" " 0.176" 
" 0.176" " 0.201" 
I' 0.201" " 0.226" 

" 0.226" " 0.250" 

*QUANTITY ADJUSTMENTS 

1000 Ibs. &over BASE PRICE 
500 to 999 
250 to 499 
100 to 249 
25to 99 

Under 25 

$760.00 
550.00 

410.00 
350.00 
270.00 
270.00 
236.25 
236.23 
202.50 
175.50 

175.50 
175.50 
168.75 
168.75 

162.00 

$620.00 
450.00 

375.00 
300.00 
220.00 
220.00 
192.50 
192.50 
165.00 
143.00 

143.00 
143.00 
137.50 
137.50 

132.00 

IECE 
1200 to 3456 

$465.00 
350.00 

325.00 
275.00 
200.00 
200.00 
175.00 
175.00 
150.00 
130.00 

130.00 
130.00 
125.00 
125.00 

120.00 

SREATER T H I  
Width Extra 

$1 00.00 
100.00 

80.00 
80.00 
60.00 
60.00 
50.00 
50.00 
45.00 
45.00 

40.00 
35 .OO 
35.00 
20.00 

20.00 

I STANDARD 
Length Extra 

$55.00 
55.00 

55.00 
40.00 
35.00 
30.00 
22.00 
22.00 
20.00 
15.00 

15.00 
15.00 
15.00 
15.00 

12.50 
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Beryl l ium i s  n o t  forg iv ing ,  and t h e  f a b r i c a t o r  has  
t o  understand t h e  exact process r equ i r ed  f o r  i t s  f a b r i c a t i o n .  
Ext raord inary  control wi th  r e spec t  t o  machining ope ra t ions  has  
t o  be exe rc i sed  t o  i n s u r e  a s t r u c t u r a l l y  sound product .  
of t h e  t ox ic  n a t u r e  of beryl l ium powder, s p e c i a l  p recau t ions  must 
be i n s t i t u t e d  t o  prevent  a i r  contaminat ion.  
backs bery l l ium is, however, manageable i n  f a b r i c a t i o n  and r e c e n t  
improvement on m a t e r i a l  d u c t i l i t y  has  p laced  bery l l ium i n  a r e l a -  
t i v e l y  b e t t e r  p o s i t i o n  f o r  f a b r i c a t i o n  than  o t h e r  advanced m a t e r i a l s  
such as advanced composites. 

Because 

Despi te  t h e s e  draw- 

5.1 

bery l l i um 

1. 

2. 

7 Mach i n  i n q  

The important  problems encountered i n  machining of 
a r e  as follows: 

Toxic i ty  : 

Beryl l ium and i t s  components are considered t o  
be t o x i c ,  and s k i n  r e a c t i o n  and a r e s p i r a t o r y  
i l l n e s s  c a l l e d  b e r y l l i o s i s  may develop upon 
exposure t o  it. Careful  c o n t r o l  of be ry l l i um 
powder during f a b r i c a t i o n  is  necessary t o  e l i -  
minate t h i s  danger.  A l i m i t  of average i n p l a n t  
a tmospheric  concent ra t ion  of bery l l ium t o  two 
micrograms p e r  cubic m e t e r  i n  an &hour wcrking 
day w a s  recommended by the  Atomic Energy Commi- 
s s i o n .  I t  i s  noted that very few cases  of bery l -  
l i o s i s  have been repor ted  i n  recent yea r s .  

Twining: 

Twining, a rearrangement of some atoms t o  become 
mi r ro r  images of t h e  o t h e r s ,  and microcracking 
could be induced on t h e  m a t e r i a l  s u r f a c e  by 
c e r t a i n  machining opera t ions  on beryl l ium. 
U E S ~  der'ects can subsequent ly  cause premature 
f a i l u r e  when the s t r u c t u r e  is  subjected t o  high 
load. Past experience i n d i c a t e d  t h a t  these 
effects can be minimized by us ing  e lectr ical  
d ischarge  machining, e lec t rochemica l  machining, 
and by c o n t r o l  of c u t t i n g  depth fol lowed by 
chemical m i l l i n g  of t h e  s u r f a c e .  

r n L - - -  
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3 .  Chipout and SpallinQ: 

The b r i t t l e  beryl l ium is  prone t o  ch ipout ,  
c racking  and s p a l l i n g  f o r  which va r ious  con- 
t r o l  methods have been developed. Perhaps 
the most d i f f i c u l t  f a b r i c a t i o n  problem of 
bery l l ium i s  t o  d r i l l  de fec t - f r ee  holes .  
T h e  b a s i c  problems h e r e  are delaminat ion 
s p a l l i n g ,  and development of r a d i a l  and c i r -  
cumferent ia l  f r a c t u r e s .  Although s e v e r a l  
techniques have been developed t o  s o l v e  
t h e s e  problems, hole d r i l l i n g  remains a 
c o s t l y  process .  

8,9,10 5.2 Jo in ing  

The f e a s i b i l i t y  of mechanical f a s t en ing ,  r i v e t i n g ,  
welding,  braz ing ,  adhesive bcxding and d i f f u s i o n  bonding have 
a l l  been demonstrated f o r  jo in ing  bery l l ium s t r u c t u r e s .  
a s a t i s f a c t o r y  technique t o  produce d u c t i l e ,  high s t r e n g t h  w e l d s  
i s  y e t  t o  be developed. Current ly ,  b raz ing  and adhesive bonding 
seems t o  be t h e  most appropr ia te  j o i n i n g  technique w i t h  moderate 
temperature  c a p a b i l i t y  and d i f f u s i o n  bonding appears t o  have a 
p o t e n t i a l  f o r  high temperature a p p l i c a t i o n s .  

However, 

Brazing technology for bery l l ium i s  w e l l  developed. 
For low temperature  s e r v i c e  z i n c  b raz ing  (braz ing  temperature  
800°-8500F) has  been success fu l ly  used. As t h e  s e r v i c e  t e m -  
p e r a t u r e  i n c r e a s e s  aluminum base b raz ing  (1080°-12500F), s i l v e r  
copper base  braz ing  (1200-1660=Fj o r  s i i v e r  b raz ing  ii620O- 
1700'F) should be appl ied .  Since bery l l ium begins  t o  recrys-  
t a l l i z e  around 1450' t o  1900°F,  it i s  d e s i r a b l e  t o  keep t h e  
b raz ing  temperature  below t h i s  range. 

Bonding has also been used s u c c e s s f u l l y .  Epoxy-phenonic 
adhesive can provide good room temperature  shea r  s t r e n g t h  and 
r e t a i n  a p o r t i o n  of it a t  temperatures up t o  600'F. P a s t  ex- 
pe r i ence  on braz ing  and adhesive bonding has been l i m i t e d  l a r g e l y  
tc mederzte t e q e r a t u r e  (belnv 500'F) appl ica t ions .  

Rive t ing  appears more e f f e c t i v e  f o r  high temperature  
a p p l i c a t i o n s .  The primary object ion t o  r i v e t i n g  i s  t h e  high 
stress concent ra t ion  f a c t o r  around a ho le  a t  low temperatures  
caused by t h e  b r i t t l e n e s s  of beryl l ium. However, a combination 
of adhesive bonding and r i v e t i n g  has  been used success fu l ly .  
low temperatures  t h e  adhesive bond carries t h e  f u l l  load. As 
t h e  temperature  i n c r e a s e s  the d u c t i l i t y  of bery l l ium also in -  
creases and t h e  r i v e t s  begin t o  p ick  up t h e  load. 

A t  
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Diffus ion  bonding f o r  be ry l l i um is  c u r r e n t l y  be ing  
developed by North American Rockwell. 
tests revea led  e x c e l l e n t  load  c a p a b i l i t y  and j o i n t  i n t e g r i t y .  
This  j o in ing  technique  i s  considered t o  be a promising one. 

Pre l iminary  compression 

11 5.3 Forming 

Beryl l ium products  can be formed i n t o  many complex 
conf igu ra t ions .  
around 1350'F f o r  a v a r i e t y  of conf igu ra t ions  such as s t r a i g h t  
bend, curved channels ,  hemispher ica l  segments, and semicyl inder  
w i th  s p h e r i c a l  ends.  Recent improvement i n  material  d u c t i l i t y  
has  g r e a t l y  f a c i l i t a t e d  t h e  forming of be ry l l i um elements .  
Curren t  products  permi t  forming a t  tempera tures  as much as 500°F 
below t h e  above mentioned forming temperature .  
bend r a d i u s  of 5 t i m e s  i t s  th ickness  has  been e s t a b l i s h e d  f o r  
c r o s s - r o l l e d  be ry l l i um sheet. 

The optimum forming temperature  used t o  be  

A minimum accep tab le  

6.0 ENGINEERING EXPERIENCE 

Appl ica t ion  of bery l l ium has gone through s e v e r a l  
s t a g e s  of d i f f e r e n t  emphasis. I t  w a s  p r i m a r i l y  used i n  t h e  
nuc lea r  i ndus t ry  between 1950 t o  196Q and an i n c r e a s i n g  appl ica-  
t i o n  i n  r e e n t r y  v e h i c l e s  and ins t ruments  w a s  exper ienced  i n  1960 
t o  1965.  S ince  1965 a p p l i c a t i o n s  such as a i r c r a f t  brakes  and 
rocke t  nozz les  have been emerging. Limited s t r u c t u r a l  zoinponents 
of be ry l l i um have been used or  exper imenta l ly  app l i ed  t o  such 
aerospace  veh ic l e s  as P o l a r i s ,  Pnseidnn, Agena, Minuteman, 
Xercury, Gemini, TACSAT, C-5A and F4-C. The p r i n c i p a l  uses  of 
be ry l l i um i n  recent yea r s  and t h e i r  d i s t r i b u t i o n  i n  t e r m s  of 
sales of t h e  be ry l l i um indus t ry  are as fol lows:  

1 

App li c a t i  on 

Reentry Vehicles 

Approximate % Sales 

45 

I n e r t i a l  Guidance & Ins t rumenta t ion  20 

Nuclear 15 

A i r c r a f t  S t r u c t u r e s  and Systems (Brakes) 13  

Missiles & Spacec ra f t  S t r u c t u r e s  2 

Space Opt ics  

P ropu 1 s i o n  

4.5 

0.5 
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Numerous r e sea rch  and development as w e l l  a s  appl ica-  
t i o n  programs of bery l l ium have been conducted i n  t h e  p a s t  1 0  
yea r s .  A number of s t r u c t u r a l  a p p l i c a t i o n  programs which may 
s e r v e  t o  i l l u s t r a t e  t h e  a p p l i c a b i l i t y  of be ry l l i um t o  t h e  space  
s h u t t l e  program a r e  b r i e f l y  reviewed here .  

12,13 Agena Spacec ra f t  Forward Equipment Sec t ion  

Skin panels  made of c r o s s - r o l l e d  be ry l l i um s h e e t  w e r e  
used t o  r e p l a c e  magnesium a l l o y  on t h e  Lockheed Agena D forward 
equipment s e c t i o n  which i s  a r i g h t  c y l i n d e r  60 inches  i n  diameter  
and 40 inches  i n  he igh t .  This was a s t r u c t u r a l  redes ign  which l e d  
t o  a s i g n i f i c a n t  weight reduct ion.  
th ick  w i t h  th ickened edges formed by chemical  mi l l i ng .  The panel  
a t tachment  des ign  w a s  a simple l a p  j o i n t  u s ing  t i t a n i u m  screws i n  
combination wi th  the  thickened edge. 
be ry l l i um skinned forward equipment s e c t i o n  w a s  s u c c e s s f u l l y  
launched i n  June 1964 .  La te r ,  about  3500 be ry l l i um panels  used 
i n  168  Agena s p a c e c r a f t  w e r e  made i n  seven y e a r s  of cont inuous 
product ion.  

6 .1  

The b a s i c  pane l  i s  0.050 inches  

The f i r s t  Agena c a r r y i n g  a 

6 .2  The Minuteman Beryllium Spacer  1 4  

The des ign  and f a b r i c a t i o n  of a be ry l l i um spacer  s e r v i n g  
as t h e  i n t e r s t a g e  s e c t i o n  between t h e  r e e n t r y  v e h i c l e  and the 
guidance and c o n t r o l  s e c t i o n  of t h e  Mifiuteman b o o s t e r  w a s  i n i t i a t e d  
i n  1 9 6 2  a t  AVCO. The spacer ,  about  32 inches  i n  diameter and 12.5 
inches  long w a s  a d i r e c t  s u b s t i t u t i o n  f o r  an e x i s t i n g  alun?inui.i- 
h e a t  s h i e l d  composite s t r u c t u r e .  I t  w a s  made from a stress re- 
l i e v e d  r i n g - r o i i e d  forg ing  having a s h e l l  t h i ckness  of 0.080 inches  
which w a s  r equ i r ed  f o r  h e a t  absorpt ion dur ing  a s c e n t  wi thout  a h e a t  
s h i e l d .  Four bery l l ium longerons loca ted  90' a p a r t  w e r e  r i v e t e d  
and bonded t o  t h e  s h e l l  s t r u c t u r e .  There w e r e  a l s o  f i v e  cut-outs  
i n  t h e  basic s h e l l  s t r u c t u r e .  The bery l l ium s t r u c t u r e  weighed 
1 0 . 2  lbs  a g a i n s t  25 l b s  of the  o r i g i n a l  aluminum s h e l l  and was 
about  30.5% t h e  weight  of t h e  combined aluminum s h e l l  and i t s  
h e a t  s h i e l d .  

IC; 1 6  
6.3 Brake D i s k s  of C-5A A i r c r a f t ' - ' "  

Beryl l ium has a s p e c i f i c  h e a t  and a thermal conduct iv i ty  
more than  f o u r  t i m e s  those  of steel ,  a low d e n s i t y  about  one- 
f o u r t h  t h a t  of steel  and a high usab le  temperature  range. For 
t h e  same temperature  rise, a s teel  h e a t  s i n k  would weight  fou r  
t i m e s  a s  much as the  beryl l ium h e a t  s ink .  Therefore ,  bery l l ium 
i s  an  a t t ract ive m a t e r i a l  t o  r ep lace  t h e  t r a d i t i o n a l  steel f o r  
a i r c r a f t  d i s k  brakes.  
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Brush Beryl l ium Company developed i n  1965 an a i r c ra f t  
brake  grade  be ry l l i um s p e c i f i c a l l y  t o  f u l f i l l  t h e  requirement  
of f u l l  c i rc le  brake d i s k s  a c t i n g  as a s t r u c t u r a l  m e m b e r  as 
w e l l  as a heat s ink .  I n  1968, B. F. Goodrich q u a l i f i e d  a brake  
us ing  t h i s  material  f o r  t h e  Lockheed/Air Force C-5A a i r p l a n e .  
The d i s k s  were a f u l l  c i r c l e  des ign  w i t h  mechanical ly  a t t a c h e d  
f r i c t i o n  pads. Each C-SA r e q u i r e s  840 l b s  of be ry l l i um and by 
us ing  bery l l ium,  1 4 0 0  lbs  w a s  saved f o r  each a i r p l a n e .  

1 7  6 . 4  S a t e l l i t e  S t r u c t u r a l  Assemblies 

The TACSAT I S a t e l l i t e  des igned  by Hughes A i r c r a f t  
Company and s u c c e s s f u l l y  launched i n  1967 had t h r e e  b e r y l l i u m  
s t r u c t u r a l  i t e m s :  
(BAPTA), t h e  UHF h e l i x  antenna tubes ,  and t h e  bicone antenna 

m a s t .  The primary reason  fo r  s e l e c t i n g  be ry l l i um w a s  t o  m e e t  
t h e  h igh  s t i f f n e s s  requirement of t h e  s a t e l l i t e  wi th  l o w  weight  
s t r u c t u r e s .  

t he  bear ing  and power t r a n s f e r  assembly 

Hughes A i r c r a f t  w a s  a l so  involved i n  producing a 
s a t e l l i t e  wherein t h e  adap te r  cone, sp inn ing  arms, desp in  p l a t -  
form and t h e  BAPTA housing are a l l  made of bery l l ium.  Fabrica- 
t i o n  d i f f i c u l t i e s  experienced inc luded  s u r f a c e  c l ean ing ,  s t r u c -  
t u r a l  adhesion and c racks  on t h e  s h e e t  s u r f a c e .  These problems 
w e r e  so lved  i n  t h e  f a b r i c a t i o n  development process .  Weight 
s av ings  up t o  45% as compared t o  e q u i v a l e n t  aluminum s t r u c t u r e s  
w e r e  exper ienced  f o r  some s t r u c t u r a l  components. 

18 6.5 S t i f f e n e r  S t r a p s  f o r  F-14 A i r c r a f t  

Beryl l ium s t i f f e n e r  s t r a p s  are be ing  used by Grumman 
Aerospace Corporat ion i n  t h e  radome suppor t ing  bulkhead of t h e  
havy f i g h t e r  F-14. There are s i x  s t i f f e n e r s  i n  each a i rc raf t .  
The s t i f f e n e r s  are 5/8 inch  wide, 0 . 1 6 2  i nch  t h i c k  and f r o m  
15 t o  1 9  inches  long .  They a r e  a t t a c h e d  t o  t h e  bulkhead by 
r i v e t i n g .  I n  o r d e r  t o  reduce t h e  s t r u c t u r a l  weight ,  Grumman 
p l a n s  t o  use  more be ry l l i um i n  l a t e r  models of t h e  F-14. 

6 .6  Beryl l ium S t r u c t u r e  Experience of McDonnell 
1 9  Douglas Corporation 

A number of aerospace companies have eng inee r ing  ex- 
p e r i e n c e  w i t h  be ry l l i um s t r u c t u r e s .  Some of t h e  programs con- 
duc ted  by McDonnell Douglas A i r c r a f t  Company are r e p o r t e d  h e r e  
because t h i s  in format ion  is  a v a i l a b l e  t o  the au tho r  and because 



BELLCOMM. INC - 1 3  - 

t h e s e  programs cover a wide v a r i e t y  of s t r u c t u r e s  which can 
i l l u s t r a t e  t h e  p o t e n t i a l  a p p l i c a t i o n s  of t h i s  material t o  t h e  
space  s h u t t l e .  

6 . 6 . 1  Design, Fabr i ca t ion ,  and T e s t  of an Aerospace 

Two wing boxes, each 48 inches  long,  25 inches  w i d e  and 

Plane  Beryll ium Wing-Box 

6 t o  8 i nches  deep w e r e  fabricated and t e s t e d .  The program demon- 
s t r a t e d  t h e  f e a s i b i l i t y  of complex aerospace  s t r u c t u r a l  components 
of be ry l l i um and t h e  p r e d i c t a b i l i t y  of i t s  s t r e n g t h  level. 

6 . 6 . 2  Design, Fabr i ca t ion ,  and Tes t ing  o f  F-4 
Beryl l ium Rudder 

A bery l l i um rudder  made f o r  ground t e s t i n g  weighed 
37.59 l b s  compared t o  63.03 lbs f o r  a product ion  aluminum rudder .  
These two s t r u c t u r a l  coxponents w e r e  completely in t e rchangeab le .  
A bery l l i um rudder  used f o r  f l i g h t  t e s t i n g  w a s  i d e n t i c a l  w i th  
t h e  ground tes t  i t e m  w i th  t h e  except ion  of a n  a d d i t i o n a l  corro- 
s i o n  p r o t e c t i o n  system. N o  ser ious damage w a s  d e t e c t e d  a f t e r  
53 hours  of f l i g h t  t i m e .  As of August 20 ,  1 9 6 9 ,  a t o t a l  f l i g h t  
t i m e  of 100.5 hours had been accumulated. 

6.6.3 Damage Tolerance of  Beryl l ium S t r u c t u r e  

The test results cf L l i s  program showed that the 
damage t o l e r a n c e  of h e r y l l i 1 - r ~  par?els ceuld  be i nc reased  by 
i n c o r p o r a t i n g  des ign  f e a t u r e s  l i m i t i n g  t h e  growth of cracks 
caused by damages or local  imperfec t ions .  An ingenious  des ign  
cou ld  prec lude  c a t a s t r o p h i c  f a i l u r e  of t h e  s t r u c t u r e .  

6 . 6 . 4  Beryl l ium Brake Programs 

S t r u c t u r a l  bery l l ium brakes  f l i g h t  t e s t e d  on F-4 
a i r c ra f t  provided a weight sav ing  of 49 l b s  p e r  a i r c ra f t  o r  
23.5% of t h e  o r i g i n a l  brake.  The wear l i f e  of t h e  be ry l l i um 
brakes were a t  least as gcnd 2s the steel  c)r?es. The C C E ~  cf 
t h e  s t ee l  brake w a s  about  $1275 whi l e  t h e  cost of be ry l l i um 
b rake  w a s  $8000. The bery l l ium brake  w a s  found prone t o  damage 
d u r i n g  maintenance, and co r ros ion  of t h e  brazed  be ry l l i um might 
have been t h e  cause  of some f a i l u r e s .  I n  ano the r  program f o r  
t h e  A-3 a i rc raf t ,  a i r c o o l e d  bery l l ium h e a t  s i n k  wheel brakes  
provided  a 1 9 %  weight  saving.  
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Beryl l ium Shingles  of Mercury and Gemini 
S p a c e c r a f t s  

Beryl l ium w a s  s e l e c t e d  fo r  e x t e r n a l  h e a t  p r o t e c t i o n  on 
t h e  upper  c y l i n d r i c a l  s e c t i o n  of Mercury and Gemini s p a c e c r a f t s .  
These heat s h i e l d s  uniformly d i s s i p a t e d  t h e  h e a t  p u l s e  caused by 
impingement of t h e  co rne r  shock wave reat tachment .  
f o r  each Mercury s p a c e c r a f t  were manufactured from S-200-A h o t  
p r e s s e d  block. 
for  heat s i n k  wh i l e  a maximum tempera ture  of 1300'F w a s  reached du r ing  
r e e n t r y .  The 2 4  s h i n g l e s  f o r  each Gemini s p a c e c r a f t  w e r e  manufac- 
t u r e d  f r o m  cross-rolled bery l l ium p l a t e  and had a t h i c k n e s s  va ry ing  
f r o m  0 .07  inches  t o  0.28 inches ,  a l s o  d i c t a t e d  by t h e  h e a t  s i n k  
requirement.  

The 1 2  s h i n g l e s  

The 0.23 inch  t h i c k n e s s  of t h e  s h i n g l e  w a s  r e q u i r e d  

6.6.6 Beryl l ium Frames 

A beryll ium s t r u c t u r a l  r i n g  frame segment made up as 
a I beam w i t h  be ry l l i um caps and aluminum s h e a r  w e b s  j o i n e d  by 
mechanical f a s t e n e r s  w a s  designed f o r  a manned s p a c e c r a f t .  
be ry l l i um w a s  chosen t o  m e e t  t h e  l i m i t e d  space  avai lable  fo r  
frame depth  w h i l e  p rovid ing  t h e  h igh  s t i f f n e s s  r equ i r ed .  
t h e s e  requirements  aluminum or s tee l  a l l o y  des igns  w e r e  imposs ib le  
o r  weightwise imprac t i ca l .  

Here 

For 

7.0 POTENTIAL STRUCTURAL APPLICATIONS 

Experience has i n d i c a t e d  t h a t  be ry l l i um can p rov ide  
s u b s t a n t i a l  b e n e f i t  i n  a v a r i e t y  of a p p l i c a t i o n s  when p rope r ly  
designed i n t o  a s t r u c t u r e  w i t h  due r ega rd  t o  its l i m i t a t i o n s .  
There are a number of p o t e n t i a l  a p p l i c a t i o n s  fo r  which be ry l l i um 
can be expected t o  save weight r e l i a b l y  and, i n  some cases, c o s t -  
e f f e c t i v e l y  . 

Beryllium, possess ing  a h igh  s p e c i f i c  modulus, i s  
p a r t i c u l a r l y  s u i t a b l e  f o r  s t r u c t u r e s  which are buckl ing  c r i t i c a l ,  
d e f l e c t i o n  l i m i t e d ,  or  designed f o r  a high n a t u r a l  f requency.  Due 
t o  i t s  unique thermal  p r o p e r t i e s  be ry l l i um can be used advanta- 
geously for  s t r u c t u r e s  which a r e  thermal  conduction c o n t r o l l e d  
o r  t he rma l  expansion s e n s i t i v e .  I t  i s  a l so  an i d e a l  choice f o r  

t a k e  f u l l  advantage of i t s  h i g h - s t i f f n e s s ,  h igh  tempera ture  
r e s i s t a n t  c a p a b i l i t y ,  high s p e c i f i c  h e a t ,  o r  h igh  thermal  
conduc t iv i ty .  

non-st-uctursl coiqor;er;ts or l i g h t l y  loaded s t r u c t u r e s  \:hi& czfi 
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7 . 1  S t r u c t u r a l  Components 1 6 , 2 0  

It  i s  w e l l  recognized t h a t  be ry l l i um i s  an a t t rac t ive  
c o n s t r u c t i o n  material fo r  t h e  fo l lowing  s t r u c t u r a l  elements:  

1. C y l i n d r i c a l  Column 

For s l e n d e r  compression elements  such as a c t u a t o r  
l i nkages  and compression members of a t r u s s ,  the 
theoretical  weight  of a beryll ium member could  
be as l o w  as 1 / 6  t he  weight  of an  aluminum o r  
t i t a n i u m  member. Any c y l i n d r i c a l  t u b u l a r  s t r u c -  
t u r e  under a x i a l  compressive load  can take f u l l  
advantage of t h e  high s p e c i f i c  modulus of bery l -  
lium. Furthermore,  t h e  h igh  s t i f f n e s s  of bery l -  
l i u m  permi ts  increased  accuracy of c o n t r o l  when 
it i s  used f o r  s t r u c t u r e s  of guidance and c o n t r o l  
sys  t e m s  . 

2. C a n t i l e v e r  Beam 

S u b s t a n t i a l  weight  savings can be achieved when 
be ry l l i um is  used f o r  l a r g e  l i g h t w e i g h t  c a n t i -  
lever-beam type  of s t r u c t u r e  such as a s o l a r  
a r r a y .  Its high s t i f f n e s s  can l i m i t  t h e  de f l ec -  
t i o n  and t h e  v i b r a t i o n  of t h e  s t r u c t u r e .  T h e  
h igh  thermal  conduc t iv i ty  can reduce t h e  t h e r m a l  
g r a d i e n t ,  thus  a l l e v i a t i n g  thermal ly  induced 
stresses. Beryll ium i s  therer'ore a t t r a c t i v e  f o r  
s t r u c t u r e s  exposed t o  tempera ture  extremes o r  
h igh  temperature  g rad ien t s .  A Boeing s tudy  
showed t h a t  f o r  large, f o l d i n g  so l a r  a r r a y s  
w i t h  an ou tpu t  exceeding 2 0  w a t t s  p e r  pound of 
s t r u c t u r e ,  bery l l ium i s  t h e  only  s a t i s f a c t o r y  
material  c u r r e n t l y  a v a i l a b l e .  

3.  Compression Panels  

Thin pane l s  under inplane compressive load ing  
are also a t t rac t ive  cand ida te s  f o r  be ry l l i um 
a p p l i c a t i o n .  The weight s av ing  p o t e n t i a l  is  
e q u a l l y  impressive as  fo r  columns and c a n t i l e v e r  
beams. I n  t h e  McDonnell Douglas F-4C rudder  
program d i scussed  e a r l i e r ,  t h e  be ry l l i um rudder  
assembly w a s  46% l i g h t e r  t han  t h e  product ion  
aluminum des ign  while t o r s i o n a l  and bending 
s t i f f n e s s  of t h e  former inc reased  by 500% and 
150%, r e s p e c t i v e l y .  



BELLCOMM, INC. - 16 - 

4 .  Panels  Subjec ted  t o  F l u t t e r  

Due t o  i t s  extremely h igh  s p e c i f i c  modulus, 
be ry l l i um is  attractive f o r  use  i n  s t r u c t u r a l  
components sub jec t ed  t o  f l u t t e r  o r  b u f f e t i n g .  
It  w a s  e s t ima ted  t h a t  f o r  a given mach number, 
dynamic p r e s s u r e  and p a n e l  s i z e ,  t h e  t h i c k n e s s  
of a be ry l l i um panel  r e q u i r e d  t o  p r e v e n t  f l u t t e r  
is  60% t h a t  of an aluminum pane l  and has  a weight  
about  40% t ha t  of aluminum. 

Beryl l ium can also be a p p l i e d  advantageously t o  many 
o t h e r  s t r u c t u r a l  e lements ,  a l though the  weight sav ings  may n o t  
be as large as those i t e m s  d i scussed .  

7 .2  Space S h u t t l e  Applicat ion 2 1 , 2 2  

A p re l imina ry  s tudy  on s t r u c t u r a l  a p p l i c a t i o n s  of 
be ry l l i um f o r  a space  s h u t t l e  o r b i t e r  w a s  conducted by Lockheed 
Missiles and Space Company. Weight estimates made on be ry l l i um 
body s t r u c t u r e  ( s h e l l  and frames) aerodynamic s u r f a c e s  ( f i n s ,  
rudders  and f l a p s )  and thermal p r o t e c t i o n  systems showed s i g -  
n i f i c a n t  weight  sav ings  over  equ iva len t  aluminum o r  t i t a n i u m  
s t r u c t u r e s .  
l a g e  s t r u c t u r e  us ing  bery l l ium w a s  found t o  be one pound l i g h t e r  
than  the  aluminum s t r u c t u r e  f o r  each square  foot  of wet ted  a r e a ,  
and t h i s  weight  d i f f e r e n c e  xould be i n s e n s i t i v e  t o  variations 
of s t r u c t u r a l  conf igu ra t ion .  
1 i U m  s t r u c t u r e  (about  3.0 i b s / r t  
l i g h t e r  t han  the aluminum design w i t h  hea t  s h i e l d s .  
t h e  thermal  p r o t e c t i o n  s y s t e m u s e  of be ry l l i um i n s t e a d  of t i t a n i u m  

i n  t h e s e  t h r e e  s t r u c t u r a l  a reas  a t o t a l  weight s av ing  as much 
as 30,000 l b s  could  be achieved f o r  an o r b i t e r .  

For a compression l i n e  load  of 2000 p s i  t h e  fuse-  

Fer aerozynamic s u r f a c e s  t h e  be ry l -  
2 ,e. 2 would be as much as 2 . 4  l b / f t  

I n  t h e  case of 

r e s u l t e d  i n  a weight  sav ing  of 0.75 l b / f t  2 By us ing  be ry l l i um 

I n  a more r e c e n t  r e p o r t  Lockheed claimed t h a t  by re- 
des ign ing  t h e  o r b i t e r  using bery l l ium f o r  primary s t r u c t u r e s ,  
t h e  s i z e  of t h e  vehicle would be reduced s i g n i f i c a n t l y .  
as 40%,  or more than  70 ,000  l b s  of t h e  orb i te r  dry weight  could 
be  saved as compared w i t h  an aluminum/titanium des ign .  The  t o t a l  
system launch weight  of a t w o  s t a g e  f u l l y  r e u s a b l e  v e h i c l e  could 
be reduced from 3.5 m i l l i o n  l b s  t o  2.5 m i l l i o n  lb s .  

A s  much 
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Unfortunately many of t h e  des ign  and f a b r i c a t i o n  
problems a s s o c i a t e d  w i t h  beryl l ium s t r u c t u r e s  w e r e  n o t  e l a b o r a t e d  
i n  t h e  above mentioned r epor t s ,  and a d i r e c t  t r a d e o f f  between 
be ry l l i um s t r u c t u r e s  and those of advanced composite materials 
has  n o t  been made. Nevertheless ,  the weight  sav ing  p o t e n t i a l  
of be ry l l i um has been demonstrated. 

8.0 CURRENT R&D PROGRAMS23 

Due t o  o v e r a l l  cutback of R&D funds,  government spon- 
so red  a c t i v i t i e s  of bery l l ium technology have been decreas ing  
s t e a d i l y .  
be ry l l i um producers  have increased  somewhat. I t  w a s  estimated 
t h a t  bery l l ium producers  are c u r r e n t l y  spending about  3 p i l l i o n  
dol lars  p e r  y e a r  on R&D. M o s t  of t h e  c u r r e n t  programs are d i -  
r e c t e d  toward t h e  improvement of manufactur ing techniques,  i m -  
provement of f a b r i c a b i l i t y ,  and cost reduct ion  as w e l l  as t h e  
d e f i n i t i o n  of s t r u c t u r a l  app l i ca t ions .  Very few are devoted 
t o  b a s i c  understanding of beryl l ium material  which i s  f e l t  t o  
be  necessary t o  form a b a s i s  f o r  long t e r m  product  improvement. 
Important  c u r r e n t  programs a r e  l i s t e d  i n  Table 7. 

On t h e  other hand, t h e  R&D programs i n i t i a t e d  by 

9.0 BERYLLIUM VERSUS ADVANCED COMPOSITES4 

The technology of advanced composites has  been advancing 
so r a p i d l y  t h a t  many aerospace engineers  and managers have come 
to hinge t h e i r  hopes f o r  S t r u c t u r a l  w e i g h t  r educt ion  on t h e  app- 
l i c a t i o n  of such materials as boronjepoxy, graphi te lepoxy,  o r  
boron/aluminun. The fctcre of be ry l l i um as a l ightweight strut= 
t u r a l  m a t e r i a l ,  t hen ,  w i l l  i n e v i t a b l y  depend t o  a g r e a t  e x t e n t  
on i t s  competi t ive p o s i t i o n  with advanced composites.  A s  men- 
t i o n e d  earliel; no direct  t radeoff  s tudy  on s t r u c t u r a l  des ign  
us ing  bery l l ium versus  advanced composites was found i n  t h e  
l i t e r a t u r e .  However, a q u a l i t a t i v e  comparison based on m a t e r i a l  
p r o p e r t i e s  i s  i n  order .  

Advantages of beryl l ium: 

1. High s p e c i f i c  modulus 

2 . High temperature  c a p a b i l i t y  and thermal 
conduct iv i ty  

3 .  A homogeneous and more o r  less i s o t r o p i c  
material 

4. Low f a b r i c a t i o n  c o s t  fo r  many a p p l i c a t i o n s ,  
p a r t i c u l a r l y  for s t r u c t u r e s  w i t h  j o i n t s  and 
cu tou t s .  
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Advantages of advanced composites: 

1. High specific s t r e n g t h  

2. Super io r  f r a c t u r e  c h a r a c t e r i s t i c s  

3.  Low material c o s t  ( i n  c e r t a i n  cases) 

Probably t h e  m o s t  important  factor unfavorable  t o  
be ry l l i um is  t h e  e x t e n s i v e  r e sea rch  and development program 
on advanced composites c u r r e n t l y  underway. The p rogres s  t o  
be  made i n  t h e  n e a r  f u t u r e  on the  improvement of material  pro- 
p e r t i e s ,  f a b r i c a t i o n  p rocess  and cost r educ t ion  for  advanced 
composites would conceivably be f a s t e r  than  f o r  beryl l ium. 
H o w e v e r ,  a t  t h e  p r e s e n t  s t a t e  of technology be ry l l i um may have 
f a b r i c a t i o n  and weight  advantages over advanced composites i n  
many a p p l i c a t i o n s .  

1 0 . 0  ASSESSMENT O F  CURRENT TECHNOLOGY AND RECOMMENDATIONS 
FOR FUTURE RESEARCH AND DEVELOPMENT 

Beryl l ium i s  a unique me ta l l i c  material. The m o s t  
v a l u a b l e  asset of be ry l l i um f o r  s t r u c t u r a l  a p p l i c a t i o n  i s  i t s  
unusual ly  h igh  modulus, high t h e r m a l  c o n d u c t i v i t y  and l o w  weight .  
These p r o p e r t i e s  make bery l l ium compe t i t i ve  weightwise wi th  o ther  
advanced eng inee r ing  m a t e r i a l s .  I ts  main drawbacks a r e  b r i t t l e -  
nes s ,  l o w  s t r e n g t h  and high m a t e r i a l  cost. 

The b r i t t l e n e s s  makes berylli1i.n d i f f i c u l t  t o  f a b r i c a t e  
r e l a t i v e  t o  convent iona l  metals. I n  t h e  p a s t  few y e a r s ,  kmpressive 
p rogres s  has  been made i n  improving t h e  d u c t i l i t y  of bery l l ium.  
Cur ren t ly  a v a i l a b l e  r a w  m a t e r i a l  p roducts  a r e  g e n e r a l l y  cons idered  
manageable and e a s i e r  t o  work w i t h  t h e n  are many of t h e  advanced 
composite materials, p a r t i c u l a r l y  f o r  s t r u c t u r a l  elements w i t h  
j o i n t s  and cu tou t s .  The m a t e r i a l  cost  i s  h igh  b u t ,  i n  comparison 
wi th  advanced composites, t h e  o v e r a l l  cos t  of i n s t a l l e d  s t r u c t u r e  
may b e  l o w e r  i n  c e r t a i n  a p p l i c a t i o n s .  The r e l a t i v e l y  l o w  t e n s i l e  
s t r e n g t h  o f t e n  cance l s  the  advantage of i t s  unusual ly  hiGh s t i f f -  
ness. l v e ~ ~ ~ t n e i e s s ,  be ry i i i um may s t i l l  be t h e  b e s t  choice f o r  
s t r u c t u r a l  e lements  which are buckl ing c r i t i ca l ,  d e f l e c t i o n  l i m i -  
ted, or designed f o r  a high n a t u r a l  frequency. I t  i s  p a r t i c u l a r l y  
s u i t e d  f o r  l i g h t l y  loaded s t r u c t u r e s  vu lne rab le  t o  i n s t a b i l i t y  
f a i l u r e  and f o r  non- s t ruc tu ra l  components r e q u i r i n g  i t s  unique 
the rma l  p r o p e r t i e s .  

* ,----.- I 7  
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The f u t u r e  of be ry l l i um as a l i g h t w e i g h t  eng inee r ing  
material f o r  aerospace  s t r u c t u r e s  appears  t o  be overshadowed 
by t h e  r a p i d  development of advanced composites.  
l i m i t e d  r e s e a r c h  a c t i v i t y  on be ry l l i um is  cu r ren t+y  overwhelmed 
by the e x t e n s i v e  programs devoted t o  the  composites,  
d i f f i c u l t  t o  foresee bery l l ium a p p l i c a t i o n  i n  l a r g e  q u a n t i t y  
for  primary aerospace  s t r u c t u r e s  i n  a long  run  under t h e  
cha l l enge  of advanced composites. This  t r e n d  i s  p a r t i c u l a r l y  
p e r c e i v a b l e  i n  v i e w  of t h e  f a c t  t h a t  m o s t  of t h e  c u r r e n t  
be ry l l i um r e s e a r c h  and development programs are eng inee r ing  
problem o r i e n t e d ,  which would n o t  pe rmi t  a r a p i d  accumulation 
of basic material  knowledge needed f o r  long  t e r m  product  i m -  
p r ovemen t . 

The very 

I t  is  

However, a t  p r e s e n t ,  many d e s i g n  and f a b r i c a t i o n  d i f -  
f i c u l t i e s  e x i s t  i n  s t r u c t u r a l  a p p l i c a t i o n  of advanced composites.  
For n e a r  term space  programs such as the Space S h u t t l e ,  many 
s t r u c t u r a l  e lements  may be i d e n t i f i e d  as best s u i t e d  f o r  S e r y l l i u m  
a p p l i c a t i o n .  For some s t r u c t u r e s  be ry l l i um may be selected as an 
a l t e r n a t i v e  o r  backup material. I t  w a s  no ted  i n  a prev ious  B e l l -  

corn memorandum24 t h a t  very l i t t l e  e f f o r t  has been devoted t o  
be ry l l i um i n  t h e  c u r r e n t  space s h u t t l e  s t r u c t u r e s  and materials 
technology program. S ince  weight  r educ t ion  w i l l  be  a primary 
concern i n  t h e  Space S h u t t l e  development, it i s  f e l t  t h a t  a 
l i m i t e d  investment  on bery l l ium technology t o  b o o s t  t h e  s o f t  
areas of c u r r e n t  i n d u s t r y  a c t i v i t i e s  and t o  c r i t i c a l l y  e v a l u a t e  
b e r y l l i u m  as a cand ida te  m a t e r i a l  for  primary 3s x s L 1  as sscan- 
dary  s t r u c t u r e s  would be a worthwhile e f f o r t  t o  ensi1re a re l iab le  
iiiaterial sou rce  f o r  a l i gh twe igh t  v e h i c l e ,  T o  t h i s  end the  
f s l l o w i n g  s tudy  tasks  are suggested: 

1. 

2. 

3 .  

4. 

5. 

Generat ion and eva lua t ion  of material  p rope r ty  
d a t a  a t  l o w  temperatures  

E f f e c t  oh meteoroid impact,  p a r t i c u l a r l y  a t  
l o w  temperatures  

F r a c t u r e  c o n t r o l  of bery l l ium s t r u c t u r e s  

Coordinat ion and coopera t ion  w i t h  be ry l l i um 
i n d u s t r y  and o t h e r  government agencies  t o  
g e n e r a t e  an engineer ing  des ign  handbook 
f o r  be ry l l i um s t r u c t u r e s  

I d e n t i f i c a t i o n  of complex Space S h u t t l e  
s t r u c t u r a l  components i nvo lv ing  j o i n t s  and 
c u t o u t s  f o r  which bery l l ium can out-perform 
advanced composites and o t h e r  eng inee r ing  
materials. 
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6 .  

7. 

8. 

- 20 - 

I d e n t i f i c a t i o n  of f l u t t e r  c r i t i c a l  h e a t  s h i e l d  
pane l s  i n  a space s h u t t l e  v e h i c l e  f o r  which 
bery l l ium can b e s t  be app l i ed  

I d e n t i f i c a t i o n  of design and f a b r i c a t i o n  problems 
and d i f f i c u l t i e s  of be ry l l i um primary s t r u c t u r e s  
f o r  a space  s h u t t l e  

Tradeoff between selected s t r u c t u r a l  e lements  
us ing  bery l l ium and advanced composites. 

1013-CCO-klm c. c.-J 
. 
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